Tin dioxide (SnO 2 ) thin films are deposited by the dip-coating technique from colloidal suspensions prepared with distinct pH through the sol-gel method. The decrease of the pH contributes to the destruction of an electrical layer adjacent to particles in solution, leading to a high degree of aggregation among these particles due to the generation of cross-linked bonds (Sn-O-Sn) between them. The aggregation affects the electrical properties of films, because the pH variation produces particle with distinct sizes in the film. Undoped samples prepared from pH 6 leads to the highest conductivity among the investigated undoped samples, in agreement with X-ray diffractograms, which indicate higher crystallinity for lower pH. Arrhenius plot evaluated from temperature dependent conductivity data leads to activation energies of the deepest level between 67 to 140 meV, for the films prepared from suspensions with pH 6 to 11. The most probable explanation for this variation in the conductivity and activation energy is related to distinct potential barriers between grains, due to distinct packing caused by cross-linked bonds formed during suspension phase. Characterization of samples lightly doped with Er 3+ confirms that acid pH leads to higher conductivity, but the highest conduction takes place at even lower pH when compared to undoped thin films.
Introduction
Tin dioxide (SnO 2 ) thin films are transparent in the visible range and present many types of technological applications such as gas sensors, transparent electrodes, and displays [1] [2] [3] . In the undoped form, this semiconductor presents n-type conductivity due to oxygen vacancies and interstitial tin atoms 4 , which acts as donors in this matrix. It confers a naturally n-type conduction to this wide bandgap (about 3.6 eV 5, 6 ) semiconductor. Several techniques have been used for the deposition of tin dioxide thin films: sputtering 7 , pyrolysis 8 , sol-gel-dip-coating (SGDC) 9 . Each of these techniques provides films with distinct properties. In the SGDC used in this work, the films are obtained from a colloidal suspension and the overall film properties are strongly dependent on the physicochemical characteristics of these suspensions. The variation of pH provided by the experimental procedure influences directly the electrical conductivity of obtained films. The particles in suspension are embedded by an electrical layer 10 . Decreasing the pH may contribute to the destruction of this layer, leading to a high degree of aggregation among particles (clusters) due to the generation of cross-link bonds (Sn-O-Sn) 11 between them (due to the recombination of OH -groups linked to the particle surface). The aggregation affects the electrical properties of films, due to the higher packing produced by acid pH. Considering the small size of the grains produced by the sol-gel process, the grain boundary scattering must be the dominant mechanism, because the higher packing may lead to larger grains and a lower number of grains throughout the material. Then, the grains surface area is smaller, increasing the grain boundary mobility and then, the electrical conductivity. The pH variation may also contribute for the presence of other compounds, for instance, the synthesis of SnO 2 nanoparticles through the controlled precipitation method leads to distinct compounds depending on the pH 12 . A dominant SnO 2 cassiterite single phase is found in the colloidal suspension at pH values 4.6 and 6.25, however other amorphous complex phases such as chlorides and oxi-chlorides may be present, as revealed by the broadened X-ray difrattogram profile. These phases are dominant when the pH is rather acid. For basic pH 10 the main crystalline phase present is the tin oxy-hydroxide Sn 6 O 4 (OH) 4 .
On the other hand, incorporation of Er 3+ in SnO 2 may contribute for technological innovation, leading to the creation of new optoelectronic devices, such as electroluminescent apparatus 13 . Er 3+ has high technological potential, due to a large emission range, from the visible to the infrared, specially the emission at about 1540 nm, because it coincides with the minimum absorption of silica-based optical fibers 14, 15 . This Er 3+ infrared emission is indicated for the construction of optical amplifiers to replace electronic converters, decreasing the operation costs 16 . Er 3+ is incorporated into SnO 2 lattice substitutional in Sn 4+ sites and exhibits an acceptor-like behavior in tin dioxide, leading to a high degree of electrical charge compensation and high resistivity films. Ion incorporation at grain boundary, caused by low solubility limit of rare-earth ions in SnO 2 (less than 0.1 mol%), may also contribute for low conductivity 17 . In this communication we present electrical characteristics of undoped SnO 2 thin films obtained from colloidal suspensions with distinct pH and the influence of slightly doping with trivalent rare earth ion Er . This investigation aims for improvement of gas sensors based on thin films, where the modulated electrical conductivity is the main issue, as well as the knowledge on characteristics of rareearth trivalent doping. Each film layer is deposited at room temperature by the dipcoating technique, followed by gelation in air for 20 minutes and fired at 400 °C for 10 minutes in a furnace at atmospheric pressure. When the total of 10 layers is reached, samples are submitted to thermal annealing at 550 °C for 1 hour in the same furnace. Resulting average thickness of films obtained by this procedure is about 350 nm, as evaluated from scanning electron microscopy of cross section 18, 19 . X-ray diffraction data of films were obtained with a RIGAKU diffractometer, model D/MAX-2100/PC, with a scanning rate of 1°/minutes in range of 20-80 degrees.
Experimental
Tin electrodes deposition onto the SnO 2 thin films were prepared using an EDWARDS auto 500 system, with pressure of about 10 -5 torr. The substrates were placed close to the Mo crucibles containing small pieces of tin to assure a homogeneous deposition. The whole procedure of placing the metallic electrodes to the SnO 2 film surface is sketched in Figure 1 , along with its sequence. All the samples were taken from the same region of the dipped substrate, cutting slices of about 1.0 × 2.6 cm perpendicular to the dipping direction, as shown in Figure 1a . The Sn electrodes are deposited through a shadow mask of Cu as shown in Figure 1b , while the substrate holder rotates, making sure that all the films receive the same amount of evaporated metal. After metal deposition, the samples were annealed at 150 °C for 30 minutes. The evaporation of tin for the electrodes has been used due to the previous best results obtained for SnO 2 films, concerning ohmic behavior and low contact resistance. The schematic representation of the sample cross section is seen in Figure 1c .
Sample cooling for electrical measurements was performed in a He closed-cycle cryostat from APD cryogenics, coupled with a Lake Shore Cryotronics temperature controller with 0.05 degree of precision. The applied bias and the current measurement current were done with the help of a Keithley Electrometer model 6517A. Figure 2 shows resistivity values for films deposited from colloidal suspensions with different pH. The resistivity values are obtained from current-voltage (IxV) measurements carried out at low temperature, along with the sample dimensions as shown in Figure 1 . The specific measurement temperatures are: 28, 50, 100 and 150 K. The inset in Figure 2 presents X-ray diffractograms for SnO 2 thin films also obtained from colloidal suspensions with different pH, carried out at room temperature. These diffractograms present the diffuse profile typical of nanocrystallized domain. The labeled peaks correspond to the well-known plans of rutile structure of tin dioxide. Figure 3 shows current-voltage (I×V) for a typical measurement temperature, 150 K. All the samples present ohmic behavior and very stable signal in the voltage range appointed, leading to precise reproducible data. For the other measurement temperatures (which originated the data of Figure 2 ), the I×V behavior is quite similar, concerning the linearity of the obtained curves. Only the current magnitude increases with temperature, but the curve shape remains the same. From Figure 3 , it is possible to observe that conductivity decreases with decreasing temperature, a typical semiconductor behavior. Besides, there is a conductivity increase with decreasing pH of the colloidal suspension for all the investigated temperatures. For instance, the film obtained from pH 6 presents the lowest resistivity for all the measurement temperatures. It is also useful to mention that the absence of oxygen in the atmosphere where the sample is located has also a strong influence in the sample electrical transport. At 28 K, the pH 6 film presents a resistivity of 17 ohm.cm, whereas when measured in air, at room temperature, the obtained value was about 110 ohm.cm. The films surface presents adsorbed oxygen species 20, 21 , which trap electrons from the bulk conduction band, decreasing the conductivity. The adsorbed species can be eliminated by a slight heating process under vacuum conditions. The statistical distribution of charge carriers among the energy levels in the semiconductor generates the effect of trapping electrons back, due to the freezing process. However, considering that measurements at low temperature are carried out in vacuum conditions, the electron trapping is compensated by the electron ionization due to the release of oxygen species from the sample surface.
Low Temperature Electrical Characterization of Thin Films
From the X-ray diffraction data (inset of Figure 2 ), it is possible to infer that as the pH decreases, the resolution and intensity of the peaks increase until pH 6, decreasing for pH 4. In the X-ray diffraction figure, the main directions of the rutile structure, cassiterite phase are labeled, assuring that, independent on the pH of the colloidal suspension, the obtained thin films still are SnO 2 . It seems that there is a limiting value for increasing crystallinity with decreasing pH. Below this value, the cristallinity becomes worse, as can be observed from the inset of Figure 2 . It is interesting to notice that the best resolution in the X-ray diffractograms is related to the best electrical conductivity, obtained exactly for films obtained from colloidal suspensions with pH 6. The higher cristallinity obtained for this sample may be related with the sample viscosity, since the lower pH leads to higher viscosity values, resulting in more uniform layers 22 and better defined X-ray diffractograms. On the other hand, the formation of cross-linked bonds between particles 11 during the sol phase may be contributing to the formation of larger colloidal particles, leading to larger crystallites and better definition of the X-ray diffractograms, concomitant with better electrical conductivity for the pH 6 film.
This observation is also helped by the evaluation of the crystallite size through the Scherrer equation 23, 24 , which is shown in Table 1 . The crystallite size is estimated for the (101) direction, which is the most intense for all the diffractograms. It is easily verified that the pH 6 film presents the largest crystallite among all the investigated undoped samples, as expected. Results of atomic force microscopy 25 for undoped SnO 2 shows metallurgical grains of about 30-50 nm, whereas for Er-doped sample the granular surface structure is destroyed. In doped samples the crystallite are indeed the lowest structure, what does not happen for undoped films. Comparing this grain dimensions with the crystallites estimation shown in Table 1 , it may be verified that crystallites become part of a larger domain, composed of metallurgical grains. Independent on the least unit of the material, the better crystallinity and larger particle size obtained for pH 6 assures that the there is a smaller number of particles throughout this sample, leading to better electrical transport due to the decrease of scattering centers. Figure 4 shows temperature dependent conductivity data for thin films obtained from colloidal suspensions with different pH. The inset in Figure 4 shows the Arrhenius plot calculated from this conductivity data. As the pH of the starting suspension increases from 6 to 11, the electrical conductivity of the films decreases. For films deposited from suspensions with pH 9 and 11, the difference is rather low and, below about 100 K, the conductivity curves crosses each other, resulting that films prepared with pH 9 presents values slightly lower than the ones obtained for pH 11. The proximity of these two curves indicates that the influence of pH of the suspension in the conductivity could be reaching a superior limiting value of the pH influence on the electrical properties. The shape of the conductivity curve for the whole range of investigated temperature and for all the pH, leads to a behavior characteristic of multi-level ionized defects 26, 27 . Moreover, it must be taken into account the temperature dependence of mobility. Independent on considering the evaluated crystallite sizes or the metallurgical grains as the scattering unit, the grain boundary scattering is the dominant mechanism and the depletion layer may become as large as half of the crystallite 28 . The mobility due to grain boundary scattering has the general form:
Where C is a constant which depends on the grain size and the electron effective mass, and V PB is the potential barrier at grain boundary. The value of the exponent y depends on the equilibrium statistics from where it is derived, varying from 1/2 29 to 1 30 . Then the mobility increases with decreasing temperature, which assures that the conductivity decrease with sample cooling down is indeed due to electron trapping at defects. These multi-level defects are of hard identification due to the continuous variation of the curve slope in the Arrhenius plot. However, it allows evaluating the activation energy for the deepest energy level, ionized at highest measured temperature range. The activation energy calculated from the Arrhenius plot for these films corresponds to the ionization of deep energy levels, and the values are: 67, 89, 135 and 140 meV for pH 6, 7, 9 e 11, respectively. The last two values are in good agreement with the value obtained for the second ionization level of oxygen vacancies 31 . The variation in the deep level activation energy with decreasing pH is a good indication that the random distribution in the local neighborhood, which is being modified as the pH varies, influences the defect level, which becomes closer to the conduction band as the pH decreases. Then, at lower pH, the defect level is being more easily ionized, leading to a higher conductivity as the pH decreases. This result is also in good agreement with the higher crystallinity observed for lower pH. The influence of pH may be related to the adsorption of oxygen species and cross-linked Sn-O-Sn bonds, which is favored for acid pH, changing the potential barrier (V PB ) at grain boundary, and then, contributing for higher electronic mobility. The acid pH also influences the expected effect of increasing particles size, which decreases the overall number of particles and then, contributes for the increase of the mobility as well. This influence is very important for the design of gas sensors 32, 33 , where the basis of application is the modulation of electrical conductivity by adsorbed gaseous species.
Another important feature of the pH variation is the possibility of the presence of other compounds 12 related from the chloride nature of the precursor used to obtain the colloidal suspension. However, no other compound was detected in the X-ray diffractograms as shown in Figure 2 . Then, these compounds must be present in small amounts, and the contribution for the electrical conductivity shall not be substantial. However, these characteristics may not be ignored because the best conductivity in this work is coincident with the pH wich favors the single cassiteriste phase in the synthesis of SnO 2 nanoparticles 12 . Figure 5 shows the positive bias part of the I×V behavior of SnO 2 thin films doped with 0.4at% of Er 3+ obtained from colloidal suspensions with distinct pH. The y-axis is plotted in log scale in order to show the data for all the samples, since the pH 4 has a surprisingly high current compared to the other films. The inset in Figure 5 shows some complete curves for significant pH values, plotted in linear scale. Although the presence of Er 3+ does not lead to an evident rectification, it leads to some surprising asymmetry. Considering the back-to-back disposition of the contacts (Figure 1) , it is expected a rather symmetric I×V behavior. The lack of rectification may be associated with the low Er 3+ doping concentration, but the observed asymmetry is a feature probably related to non-homogeneities on Er 3+ distribution on the surface. As already mentioned the Er 3+ ion has acceptor like behavior in this matrix and a charge compensation process takes place because SnO 2 is naturally n-type. Then, a very high resistivity is expected for Er 3+ -doped SnO 2 films. Besides, these data were collected under atmospheric pressure condition, which increases the electron trapping by surface adsorbed species. Then, the result shown in Figure 5 for the pH 4 film suggests that the limiting pH value for improving electrical properties depends also on the doping nature. The Er 3+ doping is located mainly at particles surface due to the low solubility 34 . Then, during the formation of cross-linked bond Sn-O-Sn, the Er 3+ may influence the process, leading to shorter potential barriers. This result is very interesting for the design of electroluminescent devices, where the electrical conductivity of the SnO 2 sample is the most relevant parameter. This effect is the opposite of the expected variation in conductivity caused by the grain shrinkage due to the presence of doping 17 . Besides, the increase of electrical conductivity for low pH must be taken into account on the design of optoelectronic devices, because the highest infrared emission (about 1540 nm) takes place for pH about 7 35 . Then, a higher conductivity for acid pH must be balanced by a neutral pH for higher emission, in the performance optimization of these devices.
Conclusion
Electrical characterization of thin films obtained from colloidal suspension with distinct pH, show that the decrease of pH leads to increasing electrical conductivity. For undoped samples, it seems that there is a limiting pH value for that, which is about pH 6. For lightly Er-doped samples, a lower pH value, 4, leads to even higher conductivity.
Undoped thin films deposited from pH 6 present the highest conductivity, in good agreement with X-ray diffraction data, because the pH 6 sample presented the most intense cassiterite phase peaks and the largest crystallites. The influence of pH may be related to the adsorption of oxygen species and cross-linked Sn-O-Sn bonds during particle formation, which is favored for acid pH, allowing the growth of larger particles and changing the potential barrier at grain boundary, along with the decrease of the number of particles throughout the sample. The overall effect is increasing the electronic mobility. The Arrehnius plot show that a basic pH leads to activation energy for the deepest level coincident with an oxygen vacancy level, whereas acid pH leads to much lower activation energy, in good agreement with the better conductivity. For Er-doped films, the higher conductivity obtained for pH 4 is probably related to the influence of the particles surface-located rare-earth ions for the formation of the cross linked bonds Sn-O-Sn, decreasing the magnitude of the grain boundary potential barrier.
The investigation of physicochemical properties of the colloidal suspension and the relationship with film properties may lead to the preparation of better quality films and may contribute for the development of new SnO 2 -based devices, such as electroluminescent tools. Besides, it may improve the performance of existing devices such as gas sensors, where the main parameter is the material electrical conductivity.
